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Subsequently, the same group reported the use of Bi(OTf) 3 as an efficient and far better catalyst for the Mukaiyama aldol condensation, 12 which is probably one of the most important carbon-carbon bond forming process in the repertoire of an organic chemist. Bi(OTf) 3 was shown to be much more effective than other rare earth triflates and/or other bismuth(III) halides. 1 mol % Bi(OTf) 3 •4H 2 O was sufficient to promote the reaction of aldehydes and ketones with aromatic and aliphatic silyl enol ethers 5 to furnish the corresponding β-silyloxycarbonyl compounds 6 in fair to excellent yields (Scheme 4). 
Scheme 4
In a further evolution of this concept, the Mukaiyama aldol reaction of various silyl enolates with acetals was also examined (Scheme 5). 
Scheme 5
Given the efficiency of the catalyst, Choudary investigated in a logical extension a new recoverable and reusable encapsulated Bi(OTf) 3 catalyst.
14 It was reported to be effective for allylation reactions, Michael type additions, acylation of alcohols, Baeyer-Villiger oxidations and aldol condensations. The microencapsulated Bi(OTf) 3 [MCBi(OTf) 3 ] was prepared using a standard microencapsulated procedure: powdered Bi(OTf) 3 was added as a solid core to a solution of polystyrene and cyclohexane at 40 ºC. After stirring for 1 h, the solution was cooled to 0 ºC. Bi(OTf) 3 encapsulated in polystyrene was used for the reaction of various aromatic aldehydes with acetone for three cycles without significant loss in activity. There was almost no leaching of Bi(OTf) 3 observed from the MCBi(OTf) 3 . More recently, from Mohan's group, Bi(OTf) 3 was shown to catalyze efficiently the aldol condensation between piperonal 4a and 2,2-dimethoxypropane 8a (Scheme 6). 15 In these conditions, 2-methoxypropene was assumed to be generated from 2,2-dimethoxypropane.
Scheme 6
As part of our ongoing interest in replacing classical organic solvents, the Mukaiyama aldol reaction procedure was improved using the ionic liquid [Bmim]BF 4 as a substitute to dichloromethane. 16 Various silyl enol ethers 5 and silyl ketene acetals 10 were reacted with substituted benzaldehydes 4 in the presence of 10 mol % Bi(OTf) 3 •4H 2 O to give the corresponding aldol in yields up to 92% (Scheme 7). The reaction was also studied between various aldehydes and (1-phenylvinyloxy)trimethylsilane. Aromatic aldehydes including those bearing an electron-withdrawing group furnished the corresponding adduct in a better yield than aliphatic aldehydes and electron-rich p-methoxybenzaldehyde. 
Scheme 7
Significant progress was made with the development of an asymmetric version by Kobayashi in the hydroxymethylation of silyl enolates with an aqueous formaldehyde solution, using Bi(OTf) 3 stabilized by chiral pyridine complexes (Scheme 8). 17 Moderate to excellent yields and enantioselectivities up to 95% ee were achieved. This was the first example of a highly enantioselective Mukaiyama aldol reaction using a chiral bismuth catalyst in aqueous media. 
Scheme 9
Metallic bismuth was found to catalyze efficiently the aldol type reaction of α-bromoketones 11 with various aldehydes (Scheme 10). Atomized metals, in this case bismuth(0) powder, are much less reactive than those prepared from the reduction of the corresponding salts with alkali metals. This can be explained by the presence of a metal oxide layer that prevents high reactivity by minimizing the reactive metallic surface of metal particles. Hence, further activation is required. Chan used zinc fluoride efficiently to promote the crossed aldol reaction in a both regiospecific and syn diastereoselective manner. 20 α-Bromoisobutyrophenone would react smoothly in water with a variety of aliphatic and aromatic aldehydes and ketones to yield the corresponding aldol products. Reduction of the bromocarbonyl compound was found to be the major product for branched electrophiles (R 4 = CH(C 3 H 7 )CH 3 ) and ketones (acetophenone), as very little of the expected aldol product was obtained. The generality of the reaction was further examined with the reaction of various α-bromocarbonyl compounds with benzaldehyde. α-Bromoketones derived form aromatic ketones were clearly found to give the best yields. 21 β-amino ketones 14 were obtained in very good yields (up to 94%) with imines derived from aromatic, heteroaromatic, α, β-unsaturated, and aliphatic aldehydes. The reaction proceeded smoothly with substituted and unsubstituted aromatic amines or with carbamates. Our method offers several advantages including mild reaction conditions, very low catalyst loading (1 mol %) and no need for prior isolation of the imine. The reaction afforded a clean product without side reactions such as deamination. In addition, complete chemoselectivity was observed between Mukaiyama aldol and Mannich type reaction. A similar trend was reported by Kobayashi in a competition reaction in which BiCl 3 proved to be aldimine selective. 
Scheme 11
In a similar one pot strategy, our method was extended to using silyl ketene acetals 10. β-amino esters and β-amino thioesters 15 were smoothly obtained with 0.02 equivalent of Bi(OTf) 3 •4H 2 O (Scheme 12). 23 Good to excellent yields were achieved with aromatic aldehydes, aniline, and di-, tri-, or tetra-substituted silyl ketene acetals, but α, β-unsaturated or aliphatic aldehydes did not show to be as reactive. This method provides easy access to compounds bearing a β-amino ester core structure, in a mild and highly catalytic process. 
Conclusions
Easy preparation of Bi(OTf) 3 in a large quantity (from triphenylbismuth or bismuth(III) oxide) as well as a stable and recyclable nature demonstrate its superiority to other triflates for contemporary synthesis. Exceptionally low toxicity is another benefit of bismuth salts, which will certainly spread out their catalytic and stoichiometric use in medicinal chemistry.
